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STASILITY A I D  CONTROL OF THE AERIAL JEEP 

SUMMAFY 

This  paper p re sen t s  a d iscuss ion  of some of t h e  s t a b i l i t y  and 
c o n t r o l  problems of the a e r i a l  j eep  based on experimental  and 
a n a l y t i c a l  research  by the NASA. The work has indj-cated t h a t  
t he  a e r i a l  j eep  i s  f e a s i b l e  from a s t a b i l i t y  and con t ro l  stand- 
p o i n t  i n  t h a t  it can be made t o  f l y  s a t i s f a c t o r i l y  i n  both hov- 
e r ingandfo rward  f l i g h t  but t h a t  a c e r t a i n  degree of a r t i f i c i a l  
s t a b i l i z a t i o n  may be required.  A g r e a t  dea l  o f  research and de- 
velopment on a number of d e t a i l e d  problems i s  requi red ,  however, 
before  t h i s  d e s i r a b l e  end can be achieved i n  p r a c t i c e .  

INTRODUCTION 

The purpose of t h i s  paper i s  t o  d i scuss  some of t h e  fundamental s t a b i l -  
i t y  and con t ro l  problems of t h e  a e r i a l  j e e p  as i t  i s  c u r r e n t l y  v i sua l i zed .  
a l  examples of such aer ia l  j eep  conf igura t ions  a r e  shown i n  Fig.  1. Bas ica l ly  
they c o n s i s t  of  a body f o r  t h e  engine, p i l o t ,  and cargo supported by two o r  more 
p r o p e l l e r s  which are f i x e d  with respec t  t o  a i r f rame s o  t h a t  t h e  plane of r o t a t i o n  
i s  h o r i z o n t a l  f o r  hovering f l i g h t .  
shrouded. 

Sever- 

The p r o p e l l e r s  might be e i t h e r  shrouded o r  un- 

RJNDAMENTAL CHARACTEKETICS OF PROPELLERS 

The ske tches  i n  Fig. 2 i l l u s t r a t e  some of the  fundamental c h a r a c t e r i s -  
t i c s  of p r o p e l l e r s  which can be used t o  exp la in  most of t he  main s t a b i l i t y  char- 
a c t e r i s t i c s  of t h e  aer ia l  jeep.  
a shrouded p r o p e l l e r  i n  a c ros s  flow. 
downward through some modest angle which g i v e s  r i s e  t o  l i f t  and drag fo rces .  
forward p a r t  of t h e  p r o p e l l e r  d i sk  impar t s  a downwash through the  rearward p a r t  
o f  t h e  d i s k  t h a t  reduces t h e  t h r u s t  of t he  rearward part of t he  d i s k  and r e s u l t s  
i n  a t h r u s t  d i s t r i b u t i o n  l i k e  t h a t  shown i n  Fig.  2,  which i n  t u r n  r e s u l t s  i n  a 
nose-up p i t c h i n g  moment. 
a l a r g e r  angle  s o  t h a t  it leaves  the shroud p a r a l l e l  t o  t he  p rope l l e r  s h a f t  axis. 
Th i s  l a r g e  angu la r  d e f l e c t i o n  of the f low causes  a drag which i s  nuch l a r g e r  than  
t h a t  of t h e  unshrouded p rope l l e r .  
i n g  l i p  of t h e  shroud and reduces the f low over t h e  rearward l i p  of t h e  shroud, 
thereby causing t h e  unequal pressure  d i s t r i b u t i o n  on t h e  shroud i n d i c a t e d  i n  Fig.  
2. It a l s o ,  very l i k e l y ,  causes an unsymmetrical t h r u s t  d i s t r i b u t i o n  on the  pro- 
p e l l e r  l i k e  t h a t  shown i n  the  f igu re .  
t i o n  and p r o p e l l e r  t h r u s t  d i s t r i b u t i o n  on p i t c h i n g  moment are add i t ive  and r e s u l t  
i n  a nose-up p i t c h i n g  moment l a r g e r  t han  t h a t  of t he  unshrouded p r o p e l l e r .  

This f i g u r e  shows a n  unshrouded p r o p e l l e r  and 
The unshrouded p r o p e l l e r  d e f l e c t s  t h e  flow 

The 

The shrouded p r o p e l l e r  d e f l e c t s  t h e  flow downward through 

The c r o s s  flow i n c r e a s e s  t h e  flow over the  lead-  

The e f f e c t  of t h e  shroud pressure  d i s t r i b u -  
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STABILITY IX HOVERING 

The p r i n c i p a l  s t a b i l i t y  c h a r a c t e r i s t i c  of t he  ae r i a l  j e e p  i n  hovering 
f l i g h t  i s  a n  uns tab le  o s c i l l a t i o n  i n  p i t c h  and roll. 
t i o n  is shown i n  Fig.  3 which presents  a time h i s t o r y  of  such an  o s c i l l a t i o n  f o r  
a f l y i n g  model. 
and l a t e ra l  displacement.  The o s c i l l a t i o n  r e s u l t s  from t h e  p i t ch ing  ( o r  r o l l i n g )  
moment shown i n  Fig.  2 .  
develops a nose-up p i t c h i n g  moment which i s  s t a t i c a l l y  s t a b i l i z i n g  s ince  i t  causes 
the  machine t o  p i t c h  nose up  and tilt the  t h r u s t  vec to r  backward t o  provide a force  
t o  s top  the t r a n s l a t i o n a l  v e l o c i t y .  The damping i n  p i t c h  i s  too  low, however, SG 

t he  machine ove rcc r rec t s  and develops a n  even l a r g e r  v e l o c i t y  i n  the  o the r  d i r e c -  
t i o n  thereby bui ld ing  up  an  uns tab le  o s c i l l a t i o n .  

An example of t h i s  o s c i l l a -  

Th i s  f l i g h t  record shows t h a t  the  o s c i l l a t i o n  invo lves  both bank 

For example, if the machine s tar ts  t o  move forward, i t  

I f  two p r o p e l l e r  a r e  used, f o r  example i n  a tandem arrangement, the 
p i t c h i n g  moment caused by a forward ve loc i ty  i s  even g r e a t e r ,  as i l l u s t r s t . e d  in 
Fig.  h ,  because of t he  downwash of the lead ing  p r o p e l l e r  on t h e  fo l lcwing  one 
which reduces the  t h r u s t  of the  following p rope l l e r .  
v e l o c i t y  i s  much g r e a t e r ,  however, because a r e l a t i v e l y  small angular  v e l o c i t y  
can cause a f a i r l y  l a r g e  upward and downward v e l o c i t y  of t he  p r o p e l l e r s  which 
causes  a v a r i a t i o n  i n  t h r u s t  t o  oppose the  p i t c h i n g  v e l o c i t y .  
tandem p r o p e l l e r  machine develops a nose-up p i t ch ing  v e l o c i t y ,  t h e  forward pro- 
p e l l e r  moves upward which inc reases  i t s  inf low v e l o c i t y  and reduces i t s  t h r u s t  
while  t he  rearward p r o p e l l e r  moves downward which reduces i t s  inf low v e l o c i t y  and 
i n c r e a s e s  i t s  t h r u s t .  These changes i n  t h r u s t  produce a damping moment opposing 
the  angular  ve loc i ty .  There i s  a corresponding upward and downward motion of t he  
forward and rearward p a r t s  of the  p r o p e l l e r  which r e s u l t s  i n  similar changes i n  
t h r u s t  and a damping moment. The damping i n  p i t c h  o f  two p r o p e l l e r s  spaced out  
i n  tandem, however, i s  much more than the  damping i n  r o l l  o f  the same two propel-  
l e r s  about t he  long axis of t he  machine because of t he  g r e a t e r  moment arms in-  
volved. This  i nc rease  i n  damping has a much g r e a t e r  e f f e c t  on t h e  o s c i l l a t i o n  
tinan the  inc rease  i n  p i t c h i n g  moment due t o  forward v e l o c i t y  s o  t h a t  the  p i tch-  
i n g  o s c i l l a t i o n  of a tandem p rope l l e r  machine i s  much l e s s  uns tab le  than  the  
r o l l i n g  o sc  i l l a  ti on. 

The damping of t h e  argular 

For example, i f  a 

f h e  two-shroud and four-shroud models shown i n  Figs .  5 and 6 have been 
flown a t  the  Langley Research Center of t he  NASA us ing  t h e  remote-control t r a i l -  
ing-cable  technique t o  g e t  some prel iminary i n d i c a t i o n s  of the  s t a b i l i t y  and con- 
t r o l  c h a r a c t e r i s t i c s  of multiple-shroud a e r i a l  jeeps.  They a r e  not  s c a l e  models 
of any p a r t i c u l a r  a e r i a l  j e e p  design, bu t  a r e  gene ra l ly  r e p r e s e n t a t i v e s  of two 
p r i n c i p a l  types.  
of 75  pounds, t he  models r ep resen t  approfimately 0.3-scale  models of some of t he  
proposed ae r i a l  jeeps .  
s en t ing  a e r i a l  j eeps  t h a t  could be c a r r i e d  i n  a cargo a i r p l a n e  of a g iven  width,  
and had the  same space between the shrouds t o  r ep resen t  t he  same space f o r  engine,  
p i l o t ,  and cargo. This  procedure,  which w a s  thought t o  r ep resen t  a l i k e l y  des ign  
procedure,  r e s u l t e d  i n  a g r e a t e r  o v e r a l l  l eng th  f o r  t h e  two-shroud model. 

With a width of 3 f e e t ,  l e n g t h s  of 8 f e e t  and 5 f e e t ,  and weight 

These models were l a i d  ou t  t o  have t h e  same width,  repre-  

F l i g h t  t e s t s  of  t he  two-shroud model showed t h a t  t h e  r o l l i n g  o s c i l l a -  --. 
t i o n  ( o s c i l l a t i o n  about  t h e  long a x i s )  was ve ry  uns t ab le  and of a r e l a t i v e l y  high 
frequency, because of t h e  low r o l l i n g  moment of i n e r t i a ,  while  t he  ? i t c h i n g  o s c i l -  
l a t i o n  was only  slight1;F uns t ab le  and had a re la t ively long per iod  necause of t he  
high p i t c h i n g  moment o f  i n e r t i a .  
t h a t  t he  r o l l i n g  o s c i L a t i o n  had about the  same degree of i n s t a b j  l i t y  as t h a t  of 

F l igh t  t es t s  of t h e  four-shroud :nodel showed 
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the  two- shroud model. Apparently,  t w o  d i s t i n c t  p r o p e l l e r s  having t h e  same t o t a l  
width and same t o t a l  t h r u s t  as a s ingle  l a r g e r  p r o p e l l e r  d id  not  cause any s ig -  
n i f i c a n t  d i f fe rence  i n  damping. The p i t ch ing  o s c i l l a t i o n  of t he  four-shroud mod- 
e l  was much more uns t ab le  than t h a t  of t h e  2-shroud model and was, i n  f a c t ,  not  a 
g r e a t  d e a l  more s t a b l e  than the  r o l l i n g  o s c i l l a t i o n .  
resul ts  from d i f f e r e n c e s  i n  damping which v a r i e s  as  the  square of t h e  l eng th  ( o r  
wid th) .  The four-shroud model had considerably l e s s  damping i n  p i t c h  because i t  
was s h o r t e r  than t h e  two-shroud model, and had only a l i t t l e  more damping i n  p i t c h  
than  i n  roll because i t  was only a l i t t l e  longer  than  i t  was wide. 

This  c h a r a c t e r i s t i c  probably 

I n  t h e  tests of t h e  f l y i n g  models it w a s  found t h a t  t h e  p i t ch ing  and 
r o l l i n g  o s c i l l a t i o n s  could be made completely s t a b l e  by t h e  use o f  a r t i f i c i a l  
damping i n  p i t c h  and r o l l .  
t e c t  t h e  angular  v e l o c i t y  and provide a s i g n a l  t o  t h e  con t ro l  a c t u a t o r  t o  move 
t h e  c o n t r o l s  t o  oppose t h e  a n g 2 . a  velocity. 
r o l l i n g  o s c i l l a t i o n  (which was the  more uns tab le  of t h e  o s c i l l a t i o n s )  i s  shown 
f o r  t h e  four-shroud model by t h e  time h i s t o r i e s  i n  Fig.  7. I n  n e i t h e r  of t hese  
records  d i d  t h e  human p i l o t  apply  any roll con t ro l .  The records show t h a t  the  
model w a s  ve ry  uns t ab le  wi thout  a r t i f i c i a l  damping; whereas, wi th  t h e  damper op- 
e r a t i n g  t h e  model would f l y  for an i n d e f i n i t e  per iod o f  time without developing 
an uns t ab le  o s c i l l a t i o n  even though i t  was moving about  continuously i n  the  some- 
what rcugh r e c i r c u l a t i n g  a i r  i n  t h e  f l i g h t  t e s t  enc losure .  

The model was equipped Ki th  a rate gyroscope t o  de- 

The e f f e c t  of such a danper 01: t he  

S t a b i l i t y  i n  yaw i n  hovering should be no problem wi th  the  aer ia l  j eep  
i n  s t i l l  a i r .  Such a machine would develop no yawing moments from t r a n s l a t i o n a l  
v e l o c i t y  because of i t s  geometric symmetry, and vould probably have some damping 
of yawing v e l o c i t y .  
diverge.  The yaw behavior of an  a e r i a l  jeep i n  gusty a i r  o r  when f l y i n g  near an 
o b s t r u c t i o n  might be e r ra t ic ,  however, i f  t h e  gusts o r  r e c i r c u l a t i n g  flow o f f  the  
o b s t a c l e  were unsymmetrical. For example, i f  a s i d e  gust blew harder  on one end 
of t h e  veh ic l e  t han  t h e  o t h e r  t h e r e  would be a cons iderable  d i f f e r e n c e  i n  t h e  s ide-  
force  ( p a r t i c u l a r l y  of a shrouded p rope l l e r  as i n d i c a t e d  i n  Fig.  2)  which would 
produce a s i z a b l e  yawing moment. 
models when f l y i n g  i n  a l a rge  bui lding.  A t  first when t h e  a i r  was s t i l l  t h e  model 
was v e r y  s teady i n  yaw, but  l a t e r  as the s l i p s t r eam began t o  r e c i r c u l a t e  i n  the  
bu i ld ing  t h e  random nature of t h e  r e c i r c u l a t i o n  caused t h e  model t o  become e r r a t i c  
and unsteady i n  yaw. 

It would therefore  have no tendency e i t h e r  t o  o s c i l l a t e  o r  

This e f f e c t  has  been noted wi th  t h e  two f l y i n g  

A l l  of t h e s e  u n s a t i s f a c t o r y  s t a b i l i t y  c h a r a c t e r i s t i c s  (uns t ab le  p i t ch -  
i n g  and roll o s c i l l a t i o n s ,  and erratic response i n  yaw t o  g u s t s )  would be expected 
t o  be less severe f o r  an aer ia l  j eep  with unshrouded p r o p e l l e r s  than shrouded pro- 
p e l l e r s  because of t he  lesser p i tch ing  moment and drag  r e s u l t i n g  f r o m  t r a n s l a t i o n -  
a l  v e l o c i t y .  A t  t h e  p re sen t  time, hawever, t h e  NASA has  no f l i g h t  experience o r  
d e t a i l e d  dynamic s t a b i l i t y  analysis t o  support  t h i s  conjec ture .  

CONTROL I N  HOVERING 

Control  of a fou r -p rope l l e r  conf igu ra t ion  can be f a i r l y  simple and 
s t ra ight forward .  P i t c h  and roll cont ro l  can be obta ined  by varying t h e  t h r u s t  
o f  p r o p e l l e r s  a t  oppos i te  ends or opposite s i d e s  of t h e  machine; and yaw con t ro l  
can be obtained by means of a simple con t ro l  vane beneath t h e  p r o p e l l e r s  o r  by 
3ary ing  t h e  t o t a l  p i t c h  of t h e  various p r o p e l l e r s  t o  produce a n e t  change i n  
toyque. 
l e r s  wi th  d i agona l ly  oppos i te  p r o p e l l e r s  having the  same d i r e c t i o n  o f  r o t a t i o n  i n  

I n  t h i s  l a t t e r  case it i s  necessary t o  have oppos i t e ly  r o t a t i n g  propel-  



orde r  t h a t  t,he p i t c h  of one p a i r  of d iagonal ly  opposi te  p r o p e l i p r s  may >e incre.-:- 
ed and t h a t  of the  o the r  p a i r  decreased t o  produce a change i n  n e t  torque withc- - 
producing a p t i ch ing  o r  r o l l i n g  moment. 

Control  of a two-propeller conf igura t ion ,  however, i s  not so s t r a i g h t -  
forward. Varying the  t c t a l  p i t c h  cf t h e  two p r o p e l l e r s  w i l l  provide c o n t r o l  
about one axis ( f o r  example, p i t c h  con t ro l  f o r  a tandem conf igura t ion) ,  but  w i l l  
g ive a yawing moment if oppos i te ly  ro t a t ing  p r o p e l l e r s  are used. Th i s  yawing 
moment would proba5ly have t o  Se cancel led ou t  by some means such as a mechanical 
l n t e rconnec t ion  t h a t  would provide some yaw c o n t r o l  t oge the r  with t h e  p i t c h  con- 
t r o l .  Yaw c c n t r c l  could be accomplished simply by means of a con t ro l  vane be- 
nea th  the  p rope l l e r s ,  b u t  could not  be accomplished by vary ing  the  p r o p e l l e r  
p i t c h  s ince  the requi red  change would a l s o  g ive  a p i t c h i n g  moment f o r  t h e  case 
o f  oppos i t e ly  r o t a t i n g  p rope l l e r s ,  o r  a change i n  t h r u s t  f o r  t he  case  of propel- 
l e r s  r o t a t i n g  i n  the  same d i r e c t i o n .  

A s u i t a b l e  moment about the long  a ~ s  of a two-propeller macnine (c.;at 
i s ,  a r o l l i n g  moment f o r  a tandem machine) can be produced by cyc l i c  v a r i a t i z x  03 
t he  b lade  angle  of nonar t icu la ted  p r o p e l l e r s  so t h a t  t h e  b lades  are a t  a higher  
angle and produce more t h r u s t  on one s i d e  of t he  d i sk  than  the  o ther .  A s i m i l a r  
moment can be produced by a s p o i l e r  o r  drag t ? p e  device which s p o i l s  t he  t h r u s t  
o r  causes  a downward drag  on one side o f  the  p r o p e l l e r  d i sk .  
a tes  o~ly by reducing t h r u s t  and does n o t  produce a corresponding inc rease  i n  
t h r u s t  on t h e  o t h e r  s i d e  of t h e  d isk  t o  keep t h e  n e t  t h r u s t  the  same so it i s  
not  a p a r t i c u l a r l y  d e s i r a b l e  type of con t ro l .  Two types  of roll c o n t r o l  t h a t  
have been suggested a t  times, but  w i l l  no t  work s a t i s f a c t o r i l y ,  are the  use of 
the  engine exhaust  f o r  t he  case of a turboprop engine, o r  t h e  use of a vane be- 
neath t h e  p r o p e l l e r .  
p l y  cannot  produce enough t h r u s t  t o  give the  requi red  moment wi th  a reasonable  
moment arm. A vane beneath the  p r o p e l l e r  such as t h a t  shown i n  Fig.  8 produces 
a v e r y  u n s a t i s f a c t o r y  motion because on an  a e r i a l  j e e p  i t  cannot be very  far  be- 
low t h e  c e n t e r  of g r a v i t y  i f  the  des i r ab le  low s i l h o u e t t e  of t h e  j e e p  i s  t o  be 
mainLained. When such a c o n t r o l  vane i s  f a i r l y  c lose  t o  t he  cen te r  of g rav i ty  
it produces a s ide fo rce  which i s  r e l a t i v e l y  l a r g e  i n  p ropor t ion  t o  t h e  moment so 
t h a t  t h e  r e s u l t i n g  motion i s  of  the type i l l u s t r a t e d  i n  Fig.  9. 
of t he  c o n t r o l  f o r  r i g h t  r o l l ,  f o r  example, causes  a s ide fo rce  t o  t h e  l e f t  which 
causes  t h e  machine t o  move t o  t h e  l e f t  a n  apprec iab le  amount before  it banks 
enough f o r  t h e  tilt of the  t h r u s t  vec to r  t o  move i t  t o  the  r i g h t .  
motion mag not  l o o k  very  bad s ince  a f t e r  a s h o r t  time t h e  bank angle  becomes very  
l a r g e  and the  displacement i n  the  convent ional  d i r e c t i o n  becomes very  l a r g e  i n  
p ropor t ion  t o  t h e  i n i t i a l  movement. F r e e - f l i g h t  model tes ts  a t  the  Langley Re-  
search Center  i n  t h e  p a s t  have shown, however, t h a t  f o r  normal hovering f l i g h t  
i n  which the p i l o t  i s  i n t e r e s t e d  i n  co r rec t ing  a small e r r o r  i n  bank o r  banking 
s l i g h t l y  t o  move sideways s lowly t h i s  i n i t i a l  movement i n  t h e  wrong d i r e c t i o n  i s  
ve ry  d i sconce r t ing  and makes t h e  motions of t h e  vehic le  appear  e r r a t i c  and je rky .  

Such a device oper- 

The exhaust of convent ional  turboprop engines,  however, s i m -  

An a p p l i c a t i o n  

T h i s  type  of 

For a new type of veh ic l e  such as t h e  a e r i a l  j e e p  t h e r e  i s  always the  
ques t ion  of how much c o n t r o l  i s  required.  He l i cop te r  experience rriight be used 
as a guide,  but on a machine as unstable  as t h e  Langley two-shroud and four -  
shroud models t he  c o n t r o l  requirement might be apprec iab ly  d i f f e r e n t  from t h a t  
of a h e l i c c p t e r ,  The f r e e  f l i g h t  models a r e  not  g e n e r a l l y  used f o r  accu ra t e  
q u a n t i t a t i v e  da t a ,  bu t  i n  a new f i e l d  such as t h i s  where t h e r e  i s  no d i r e c t l y  
app l i cab le  precedent ,  t h e  c o n t r o l  requirements of t he  models might be a u s e f u l  
guide,  The models shown i n  F igs .  5 and 6 were c o n t r o l l e d  by j e t  r e a c t i o n  ccn- 
t r o l s  a t  the  s ide  and rear of t he  model t o  g ive  p r a c t i c a l l y  pure moments i n  
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o r d e r  t h a t  the  amount of con t ro l  required could be a sce r t a ined  withoidt beconfng 
involved i n  how t h e  moment was t o  be obtained o r  t h e  s i d e  e f f e c t s  of a p a r t i c u l a r  
t,ype of con t ro l .  
of producing the  following angular acce lera t ions :  

I n  these  t e s t s  it w a s  found t h a t  the c o n t r o l  should i e  capable 

p i t c h  = 2.0  radians/sec2 

r o l l  = 6.0 radians/sec2 

yaw = 1.3 radians/sec2 

With c o n t r o l s  having these  va lues  of e f f e c t i v e n e s s  i t  was poss ib le  f o r  the  p i l o t  
t o  c o n t r o l  t h e  models without  a r t i f i c i a l  s t a b i l i z a t i o n ,  o r  it was p o s s i b l e  with 
appropr i a t e  equipment t o  s t a b i l i z e  the  models. .The above va lues  of a c c e l e r a t i o n  
due t o  c o n t r o l  d e f l e c t i o n  a r e  the values  a t  t h e  model s ca l e .  For a f u l l - s c a l e  
ae r i a l  j eep  o f  t he  s i z e  c u r r e n t l y  prcposed, aSout 10 f e e t  wi2e m d  weighing ahout 
2,000 pounds, t h e  a c c e l e r a t i o n s  would s c a l e  t o  about 30% of these  va lues .  

STABILITY I N  FORWARD FLIGHT 

Two of t h e  predominant c h a r a c t e r i s t i c s  of t h e  a e r i a l  j e e p  i n  forward 
f l i g h t  might more proper ly  be termed t r i m  problems than  s t a b i l i t y  problems; but 
t hey  r e s u l t  from excess ive  speed s t a b i l i t y ,  p a r t i c u l a r l y  i n  the  case of t he  
shrouded p r o p e l l e r  conf igura t ions .  

One of t hese  proSlems r e s u l t s  from t h e  h igh  drag  of t h e  shrouded pro- 
pe l le r  i n  forward f l i g h t  which was brought ou t  e a r l i e r  us ing  Fig.  2 as an i l l u s -  
t r a t i o n .  Because of t h i s  h igh  drag it i s  necessary t o  tilt t h e  shroud forward 
t o  a r e l a t i v e l y  l a r g e  angle  t o  e s t a b l i s h  a balance of t h e  fo re  and a f t  f o r c e s  i n  
forward f l i g h t  as i l l u s t r a t e d  i n  Fig. 10. A rough rule-of-thumb f o r  t h e  case o f  
t h e  10-foot-wide, 2,000-pound a e r i a l  j eep  conf igu ra t ions  wi th  which we a r e  pres-  
e n t l y  concerned i s  t h a t  t he  shroud must be t i l t e d  about  one degree f o r  each mile 
p e r  hour forward speed. 
t o  be t i l t e d  nea r ly  so far.  
h e l i c o p t e r  r o t o r ,  which has  t o  be t i l t e d  only a few degrees  t o  produce a r e l a -  
t i v e l y  high forward speed. The d i f fe rence ,  as pointed out  ear l ier ,  r e s u l t s  from 
t h e  f a c t  t h a t  t h e  shroud, which prevents  s l i p s t r eam c o n t r a c t i o n  through the  pro- 
p e l l e r ,  a l s o  t ends  t o  t u r n  the  a i r  t o  a l i g n  the  e x i t  f low d t h  t h e  shaf, t  axis 
whereas the  unshrouded p r o p e l l e r  t u rns  the  incoming a i r  through a much smaller 
angle  and does n o t  take  out  nea r ly  a s  such of t he  forward momentum of the  incom- 
i n g  a i r .  The unshrouded p r o p e l l e r  t he re fo re  does not  have t o  be t i l t e d  t o  near- 
l y  so l a r g e  an  angle  t o  e s t a b l i s h  an equi l ibr ium of f o r c e s ,  as i l l u s t r a t e d  i n  
Fig. 10. 

The unshrouded p r o p e l l e r  on t h e  o ther  hand does not have 
A r ead i ly  recognizable  example of this f a c t  i s  the 

It i s  ev ident  t h a t  t he  use o f  s u i t a b l e  t u r n i n g  vanes beneath the  shroud- 
ed p r o p e l l e r  would make it poss ib l e  t o  t u r n  t h e  s l i p s t r eam backward as i l l u s t r a t e d  
i n  Fig.  11 t o  produce a forward force  on the  vanes t o  o f f s e t  the  drag  of t he  
shrouded p r o p e l l e r  i t s e l f .  
ward speeds r equ i r ed  of the  a e r i a l  j eep  without  excess ive  forward tilt of the ma- 
chine.  
t e r  on how ex tens ive  a system of vanes would be requi red ,  bu t  it i s  understcod 
t h a t  s e v e r a l  manufacturers have inves t iga t ed  t h i s  scheme and have obtained scme 

I n  t h i s  way it would be poss ib l e  t o  achieve  the  f o r -  

There i s  p r a c t i c a l l y  no information a v a i l a b l e  a t  t h e  Langley Research Cen- 
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q u a n t i t a t i v e  da ta .  It i s  evident ,  however, t h a t  the  vanes would have t o  be mov- 
ab le ,  probably wi th  v a r i a b l e  camber, t o  permit  a s t r a i g h t  downward f low without 
excess ive  l o s s e s  i n  hovering f l i g h t .  

Another s o l u t i o n  t o  t h i s  problem of excess ive  tilt ang les  requi red  f o r  
high speeds would be t o  depa r t  from the concept of shrouded p r o p e l l e r s  f i x e d  with 
r e s p e c t  t o  the  airframe and t o  tilt the shrouds f o r  the forward f l i g h t  condi t ion.  

A second forward f l i g h t  problem, which i s  more a t r i m  proSlem than  a 
s tabi l i ty  problem i s  the  l a r g e  nose-up p i t c h i n g  moment developed i n  forward 
f l i g h t .  Th i s  problem, which was int roduced ea r l i e r  i n  connect ion w i t h  Fig.  2 ,  
i s  e s p e c i a l l y  Severe f o r  t h e  shrouded p r o p e l l e r .  
dem t h e r e  is an a d d i t i o n a l  increment of p i t c h i n g  moment which results from t h e  
downwash of t he  f r o n t  p r o p e l l e r  on the rear  one as  pointed out prev ious ly  i n  con- 
nec t ion  with Fig.  &. The u s e  of turning vanes beneath t h e  shroud as i l l u s t r a t e d  
i n  Fig. 11 t o  permi t  forward f l i g h t  without excessive tilt, which was suggested 
previous ly ,  would aggravate  the  nose-up pitching-moment problem s ince  t h e  forward 
f o r c e  on t h e  t u r n i n g  vanes a c t i n g  beneath t h e  center of g r a v i t y  produces a nose- 
up p i t c h i n g  moment. One p o s s i b i l i t y  f o r  u s ing  t h e  t u r n i n g  vanes wi thout  develop- 
i n g  any a d d i t i o n a l  nose-up p i t ch ing  moment might be t o  use  t h e  vanes only on the  
forward shroud so that t h e  downward lift of the  vanes  would provide a compensat- 
i n g  nose-down p i t c h i n g  moment. 

I f  p r o p e l l e r s  a r e  used i n  t an -  

A t h i r d  forward f l i g h t  problem i s  an uns t ab le  v a r i a t i o n  of p i t ch ing  
moment K i t h  angle of a t t a c k  which r e s u l t s  from t h e  f a c t  t h a t  t h e  center of grav- 
i t y  must be on t h e  center of t h r u s t  f o r  e f f i c i e n c y  i n  t h e  hovering cond i t ion  bu t  
t h e  c e n t e r  of t h r u s t  due t o  angle  of a t t a c k  i n  forward f l i g h t  i s  markedly ahead 
of t h i s  po in t .  
of t h e  p r o p e l l e r  i tself  and i s  even more true of tandem p r o p e l l e r s  where t h e  
downwash of  t he  f r o n t  p r o p e l l e r  on the rear one provides  an added increment of 
i n s t a b i l i t y  by making the  inc rease  of  t h r u s t  w i th  angle  of a t t a c k  of t he  rear pro- 
p e l l e r  less than  t h a t  of t h e  f r o n t  one. 

This is true of a single p r o p e l l e r  because of t he  c h a r a c t e r i s t i c s  

The t h r e e  foregoing  problems a r e  a l l  , s ta t ic  s t a b i l i t y  and t r i m  problems. 
A dynamic s t a b i l i t y  problem has  been brought o u t  by t h e  very l imi t ed  forward f l i g h t  
tes ts  made a t  the  Langley Research Center on t h e  two-shroud tandem conf igu ra t ion  
shown i n  Fig.  5.  
f l i g h t ,  became more uns t ab le  as  the  forward speed was increased .  Th i s  i nc rease  i n  
i n s t a b i l i t y  was evidenced by the  f a c t  t h a t  as t h e  a i r speed  was increased  t h e  model 
became uns taSle  wi th  t h e  same amount of a r t i f i c i a l  damping i n  roll which had made 
the model s t a b l e  i n  hovering f l i g h t .  It was poss ib l e ,  however, t o  make the  l a t e r -  
a l  o s c i l l a t i o n  s t a b l e  aga in  by increas ing  t h e  a r t i f i c i a l  damping. The inc rease  i n  
o s c i l l a t o r y  i n s t a b i l i t y  wi th  increas ing  speed has  no t  been analyzed i n  d e t a i l  but  
it i s  e v i d e n t  t h a t  t h e  mode1 had all the major f a c t o r s  which are known t o  produce 
l a t e ra l  o s c i l l a t o r y  i n s t a b i l i t y  i n  an a i r p l a n e .  These f a c t o r s  are a h igh  d ihedra l  
effect  ( l a r g e  r o l l i n g  moment due t o  s i d e s l i p ) ,  low o r  nega t ive  d i r e c t i o n a l  s t a b i l -  
i t y ,  h igh  r a d i i  of gyra t ion ,  and a nose-down i n c l i n a t i o n  of t h e  p r i n c i p a l  axis of 
i n e r t i a .  

The uns tab le  r o l l i n g  o s c i l l a t i o n ,  which was evident  i n  hovering 

CONTROL IN FORWARD FLIGHT 

I n  genera l ,  it seems t h a t  any l a t e r a l  ( r o l l  and yaw) c o n t r o l  system 
suitable f o r  hovering f l i g h t  w i l l  a l s o  be s a t i s f a c t o r y  i n  forward f l i g h t .  
forward f l i g h t  condi t ion ,  however, imposes a d d i t i o n a l  requirements  on t h e  longi -  
t u d i n a l  con t ro l  system i n  t h a t  it must be capable  of trimming t h e  l a r g e  nose-up 
p i t c h i n g  momemt encountered i n  forward f l i g h t .  

The 
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Because of t h i s  requirement f o r  a l a r g e  p i t ch ing  moment f o r  t h e  forward 
f l i g h t  case t h e  use of p r o p e l l e r s  i n  tandem seems very  a t t r a c t i v e  because i t  is 
p o s s i b l e  t o  produce very l a r g e  p i tch ing  moments by inc reas ing  the  thx-ds: G f  t h e  
r e a r  p r o p e l l e r  and reducing the  t h r u s t  of t h e  f r o n t  p r o p e l l e r .  
tems mlght be devised however, such as c y c l i c  p i t c h  c o n t r o l  o r  s p o i l e r s  which r e -  
duce the  t h r u s t  of t h e  forward p a r t  of the  p r o p e l l e r  d i s k  a'nd thereby e l imina te  
t h e  nose-up p i t ch ing  moment. 

Other  con t ro l  sys- 

I n  any of t h e s e  cases ,  hcwever, t h i s  Large change i n  t r i m ,  a t  l e a s t  f o r  
shrouded p r o p e l l e r  conf igura t ions ,  may make i t  d i f f i c u l t  t o  provide enough con- 
t r o l  t o  t r i m  out t h e  nose-up p i t ch ing  moment wi th  a s i n g l e  con t ro l  s t i c k  wi thout  
having excess ive  c o n t r o l  s e n s i t i v i t y  f w  hcvering, o r  maneuvering i n  forward 
f l i g h t .  I n  t h i s  case  i t  might 'ne necessary t o  provide a separate  c o n t r o l  f o r  e s -  
t a b l i s h i n g  t h e  g r c s s  c o n t r c l  moment w h i l e  t h e  normal c o n t r o l  s t i c k  serves as a 
v e r n i e r  ccn t ro l  f e r  maneuvering the a i r c r a f t .  

The use  of aqy system such a s  tu rn ing  vanes  beneath t h e  shrcud t o  ob- 
t a i n  a forward f l i g h t  condi t ion  without excess ive  forward tilt of t h e  machine 
would seem t o  be sub jec t  t o  the  same c r i t i c i s m  i n  t h a t  a separa te  cor , t rc l  wculd 
have t o  be provided t o  e s t a b l i s h  the g ross  forward speed condi t ion  while  t h e  con- 
v e n t i o n a l  c o n t r o l  s t i c k  would provide t h e  v e r n i e r  c o n t r o l  by t i l t i n g  the  machine. 
For example, i f  a machine was i n  high-speed forward f l i g h t  and the  p i l o t  suddenly 
wanted t c  s top  t o  avoid some obs t ac l e  o r  avoid r evea l ing  himself ,  he could not  do 
so bv p u l l i n g  back on t h e  con t ro l  s t i c k  and a d j u s t i n g  the  t h r o t t l e  s e t t i n g  C,? 
main ta in  a l t i t u d e .  Since a l l  h i s  
hands and f e e t  would be otherwise occupied, t h i s  a d d i t i o n a l  c o n t r o l  would prcba- 
b l v  have t o  be a thumb switch on the  top of the  s t i c k  which i s  a t  b e s t  s clumsy, 
coarse  con t ro l .  T h i s  d i f f i c u l t y  might be avoided by appropr ia te  des ign  f e a t u r e s .  
For  example, i f  tu rn ing  vanes were used beneath only the  forward shroud they  might 
reduce the  p i t c h i n g  moments i n  forward f l i g h t  and reduce the tendency toward an  
ove r ly  s e n s i t i v e  p i t c h  con t ro l  and the need f o r  the  separa te  t r i m  device pointed 
ou t  i n  t h e  prev ious  paragraph. The turning vanes might then  be l inked  t o  move i n  
conjunct ion  wi th  t h e  p i t c h  con t ro l  so t h a t  the  forward s t i c k  movement r equ l r ed  t o  
produce t h e  p i t c h i n g  moment f o r  forward f l i g h t  would a l s o  provide t h e  requi red  
vane d e f l e c t i o n .  I n  such a case it might be d e s i r a b l e  t o  have nonl inear  v a r i a t i o n  
of vane d e f l e c t i o n  wi th  s t i c k  de f l ec t ion  so t h a t  t h e  s t i c k  movements near  *center 
r equ i r ed  f o r  o rd ina ry  hovering f l i g h t  would not  cause excessive l i n e a r  acce le ra -  
t i o n s  because of the  vane de f l ec t ion .  There i s  not  s u f f i c i e n t  da t a  a v a i l a b l e  t o  
p rope r ly  eva lua te  such a system a t  the  p re sen t  time, b u t  a l l  of the v a r i o u s  t r ends  
brought ou t  are a l l  i n  t h e  proper d i r ec t ion .  

He would a l s o  have t o  opera te  a t h i r d  con t ro l .  

Experience wi th  t h e  two-shroud f l y i n g  model of Fig.  5 has shown t h a t  
t h e  model w a s  no t  apprec iab ly  more d i f f i c u l t  t o  c o n t r o l  i n  forward f l i g h t  than  
i n  hovering i n  s p i t e  of the  angle-of-at tack i n s t a S i l i t y  prev ious ly  mentioned. 
I t  was poss ib l e  t o  c o n t r o l  t h e  model i n  both p i t c h  and yaw without  t he  use  of 
a r t i f i c i a l  s t a b i l i z a t i o n .  
i o r  of t h e  model was s a t i s f a c t o r y  f o r  f l i g h t  wi thout  a r t i f i c i a l  s t a b i l i z a t i o n  a s  
the  normal condi t ion .  The behavior was s a t i s f a c t o r y ,  however, f o r  an  emergency 
cond i t ion  i n  the  event  of f a i lu re  of an a r t i f i c i a l  s t a b i l i z a t i o n  system. Control  
of t h e  model i n  r o l l  was not s a t i s f a c t o r y  wi thout  a h igh  degree of a r t i f i c i a l  
damping i n  r o l l  as evidenced by the f a c t  t h a t  a s  t h e  speed increased  the  p i l o t  
became unable  t o  c o n t r o l  the  uns t ab le  r o l l i n g  o s c i l l a t i o n ,  even with a moderate 
degree of a r t i f i c i a l  damping. 

This  r e s u l t  i s  n o t  intended t o  imply t h a t  t h e  behav- 
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C ONCLU SI CNS 

It  can be concluded from the  experimental  work t h a t  has  a l r eadg  been 
done and from a n a l y s i s  t h a t  the  a e r i a l  jeep i s  f e a s i b l e  from a s t a b i l i t y  and con- 
t r o l  s tandpoin t .  It can  be made t o  fly s a t i s f a c t o r i l y  i n  both hovering and for- 
ward f l i g h t ,  a l though it may requi re  a c e r t a i n  degree of  a r t i f i c i a l  s t a b i l i z a t i o n  
wi th  simple s t ra ight forward  and well-understood a r t i f i c i a l  s t a b i l i z a t i o n  devices  
t o  achieve s a t i s f a c t o r y  s t a b i l i t y .  It should a l s o  be p o s s i b l e  t o  achieve the  max- 
imum forward f l i g h t  speeds required with a reasonable  a i r c r a f t  a t t i t u d e  f o r  e i t h e r  
shrouded o r  unshrouded p r o p e l l e r  configurat ions,  a l though a c e r t a i n  degree of me- 
chan ica l  complicat ion will probably be requi red  t o  do so  wi th  shrouded p r o p e l l e r  
conf igu ra t ions .  
problems brought out  i n  t h i s  d i scuss ion  i s  requi red  before  e n t i r e l y  s a t i s f a c t o r y  
s o l u t i o n s  t o  a l l  t h e  problems can be discovered and proven. 

A g r e a t  d e a l  of research and development on the  many d e t a i l e d  
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